Clinical and epidemiologic studies suggest that patients with Alzheimer disease (AD) with larger head circumference have better cognitive performance at the same level of brain pathology than subjects with smaller head circumference.
Alzheimer disease (AD) pathology is characterized by neurofibrillary tangle formation, amyloid-␤ deposition, neuronal loss, and volume reduction. 1 Structural changes including atrophy of the limbic, temporal, parietal, and frontal lobes are reliably detected in vivo by modern neuroimaging techniques such as MRI. Imaging findings are consistent with proposed pathologic staging schemes, 2 and the correlation between brain volume loss and cognitive impairment is well-established. 3 However, the association between AD pathology and clinical symptoms is not always strong. Elderly people with sufficient plaques and tangles to meet AD criteria at autopsy do not necessarily show clinical symptoms of AD shortly before death. 4 The individual capacity to withstand pathologic changes is usually referred to as brain reserve (BR) or cognitive reserve (CR). One common hypothesis defines BR as a passive protection against the consequences of brain damage, mediated by a larger brain or more neurons and synaptic connections; CR, on the other hand, is characterized by active processes helping to compensate for or cope with brain damage, e.g., through alternative neuronal pathways. 5, 6 The exact neural substrate of reserve is still to be discovered; it may consist of both passive and active components, and a growing body of evidence is exploring the mechanisms behind these concepts. Studies relating plaque counts, 7 brain atrophy, 8 regional blood flow, 9 or glucose metabolism [10] [11] [12] [13] to clinical symptoms and biographic variables have demonstrated that patients with higher educational or occupational attainment show better cognitive performance at the same level of disease severity. However, not only biographic but also brain morphologic characteristics seem to provide reserve against neurodegeneration. Some, but not all, [14] [15] [16] studies suggest that individuals with larger brains, usually estimated by head circumference or intracranial volume, are less likely to have cognitive decline in old age [17] [18] [19] or AD. [20] [21] [22] [23] [24] [25] [26] However, the question of whether maximal attained brain size modifies the association between structural indices of AD pathology and clinical symptoms of AD has not been addressed. The present study investigated if head circumference attenuates the effect of cerebral atrophy on cognitive function in AD, taking into account other variables that are known to impact cognitive ability, including age, duration of AD symptoms, gender, APOE genotype, diabetes mellitus, hypertension, major depression, and ethnicity.
METHODS Study participants. The Multi-Institutional
Research in Alzheimer's Genetic Epidemiology (MIRAGE) study is a family-based multicenter study of genetic and environmental risk factors for AD; details of data collection and reliabilities of questionnaires have been published elsewhere. 27 In summary, participants were recruited through research registries or specialized memory clinics at 17 sites in the United States (14) , Canada (1), Germany (1), and Greece (1). Diagnosis of AD was established according to National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association criteria. 28 Medical history, information on risk factors, blood samples for genetic testing, and cranial MRI scans were collected from all participants. The most recent Mini-Mental State Examination (MMSE) 29 was recorded. To ensure diagnostic accuracy, all participants with an MMSE score higher than 25 were excluded. 30 Standard protocol approvals, registrations, and patient consent. A combination of informed consent by both participant and by proxy was obtained. Institutional review boards from each study site reviewed and approved all protocols.
Study procedures. The MRI scanning procedures and analysis protocols in the MIRAGE study have been described elsewhere in greater detail. 31 Briefly, fluid-attenuated inversion recovery and high-resolution T1 scans were obtained from each participant according to a standard protocol. A 100-mm visual analog scale with 0 for no atrophy and 100 for most severe atrophy was used to rate cerebral atrophy. The image evaluation was performed by a single rater (C.D.), blinded to all other patient data; a visual rating of cerebral atrophy and manual volumetric measures are highly correlated. 32 APOE genotyping was performed using a standard PCR. 33 APOE genotype was dichotomized for the present study into individuals with 1 or 2 copies of the ⑀4 allele (⑀4ϩ) and those without any copies of the ⑀4 allele (⑀4Ϫ). Head circumference was measured by placing a measuring tape over the eyebrows and passing it around the head to fit over the most posterior protuberance of the occiput.
Statistical analyses. Data were analyzed with the Statistical
Package for Social Sciences, v16 (SPSS Inc., Chicago, IL). All p values shown are 2-sided and subject to a significance level of 5%. First, statistical parametric correlations (Pearson productmoment correlation coefficients) were calculated in order to explore dependencies in the dataset. In detail, correlation analyses were performed between the MMSE score and the atrophy rating, the age, the duration of AD symptoms, and the head circumference. Second, the association of brain atrophy and cognitive function was examined via a multiple linear regression analysis with MMSE score as the dependent and the atrophy rating as the independent variable. Other variables with a possible effect on cognitive function, such as age, duration of AD symptoms, gender, head circumference, APOE genotype, presence of hypertension, diabetes mellitus, or major depression, and ethnicity, were also entered as independent variables along with atrophy. Ethnicity was treated as a quadrotomy (Hispanic, African American, and Asian American) with non-Hispanic white as the referent. The presence or absence of hypertension, diabetes mellitus, and major depression were treated as dichotomies. To determine whether head circumference modified the effect of atrophy on cognitive ability, an interaction term between head circumference and atrophy was added to the model. This interaction model was also repeated for other covariates. To compare the distribution of the MMSE score with the normal distribution, a normal p-p plot of regression standardized residuals was generated, which plots the cumulative proportions of standardized residuals of the MMSE score against the cumulative proportions of the respective normal distribution. The normality assumption was supported by this plot (results not shown).
RESULTS
A description of the study sample is given in the table. A total of 270 patients with AD were included with an average age of 75 years, a mean MMSE score of 17 (median 19, range 0 -25, kurtosis 0.28, skewness Ϫ0.89), 60% women, and 69% APOE ⑀4ϩ. Higher MMSE scores were associated with less severe atrophy (r ϭ Ϫ0.23, p Ͻ 0.01) and shorter duration of AD symptoms (r ϭ Ϫ0.15, p Ͻ 0.05). There was no association between MMSE scores and head circumference (r ϭ Ϫ0.2, p ϭ 0.77). Older age was correlated with lower MMSE scores (r ϭ Ϫ0.43, p ϭ 0.05). In the linear regression analysis with the MMSE score as the dependent variable and independent variables as described above, atro-phy ( p Ͻ 0.001, ␤ ϭ Ϫ0.13, standard error ϭ 0.03) and age ( p ϭ 0.02, ␤ ϭ Ϫ0.11, standard error ϭ 0.05) entered the model as predictors; both were inversely associated with cognitive performance. The other independent variables did not exert any statistical effects (duration of AD symptoms: p ϭ 0.2; gender: p ϭ 0.94; APOE genotype: p ϭ 0.56; head circumference: p ϭ 0.89; diabetes mellitus: p ϭ 0.75; hypertension: p ϭ 0.91; major depression: p ϭ 0.55; Hispanic ethnicity: p ϭ 0.09; Asian American ethnicity: p ϭ 0.64; African American ethnicity: p ϭ 0.09).
In the model testing for interaction between atrophy and head circumference, the interaction term was significant ( p ϭ 0.04, ␤ ϭ Ϫ0.21, standard error ϭ 0.01), indicating that head circumference was associated with a reduced impact of atrophy on cognitive performance. Except age ( p ϭ 0.01, ␤ ϭ Ϫ0.11, standard error ϭ 0.05), all other independent variables did not show any effects (duration of AD symptoms: p ϭ 0.29; atrophy: p ϭ 0.09; gender: p ϭ 0.86; APOE genotype: p ϭ 0.59; head circumference: p ϭ 0.07; diabetes mellitus: p ϭ 0.78; hypertension: p ϭ 0.86; major depression: p ϭ 0.53; Hispanic ethnicity: 0.07; Asian American ethnicity: p ϭ 0.57, African American ethnicity: p ϭ 0.10). The effect of head circumference on the association between cognitive function and brain atrophy is illustrated in the figure, which shows the partial regression plots of MMSE score and atrophy rating in patients with smaller head circumference compared to those with larger head circumference (cutoff defined as the mean head circumference of 56 cm). The figure illustrates that the association of atrophy and cognitive function differs by head circumference. In the additional models testing for interactions between atrophy and the other covariates, only age showed a negative effect ( p ϭ 0.04). DISCUSSION Smaller brain size, estimated from intracranial volume or head circumference, has been associated with an earlier onset of symptoms, 34, 35 and an increased risk for AD [20] [21] [22] [23] [24] [25] [26] as well as worse cognitive performance in old age. [17] [18] [19] Hence, larger brains seem to protect against the clinical manifestations of AD pathology by providing more BR. Staff and colleagues 16 reported no association between intracranial volume and cognitive performance in old age, controlling for individual differences in cerebrovascular brain burden. We directly addressed the question of a modifying effect of head circumference on the association between brain atrophy and cognitive impairment in AD and report that larger head circumference attenuated the association between atrophy and cognitive performance, taking into account other factors known to impact on cognition. We did not observe a correlation between head circumference and cognitive performance, which was shown in previous studies of cognitively healthy elderly individuals; this finding suggests different effects of brain size on neurodegeneration compared with healthy aging. However, our results support the concept of BR and underline the importance of optimal neurologic development in early life. Brain size reaches 93% of its final size at age 6, and therefore measurements of head circumference mainly reflect brain growth during the first few years. 36 Drawing on evidence that larger brains contain more neurons and synaptic connections, 37 and that maximal brain size is largely determined in early childhood, our results suggest that optimal neural development in the first few years provides a buffer against cerebral pathology in late life. While brain growth is also genetically predefined, its full expression is modified by numerous external influences, including nutrition, 38 CNS infections and inflammations, 39 and perinatal brain injury. 40 Therefore, the improvement of prenatal and early life conditions could significantly increase BR in the population, which in turn may have an impact on the risk of developing AD or the severity of symptoms in AD.
Limitations of the study include patient recruitment at specialized memory clinics, which restricts the generalization of the results to the population with AD. Furthermore, a visual rating procedure was used to grade brain atrophy. Although all ratings were performed by the same observer, automated volumetric procedures might further improve the results. Moreover, head circumference was used to estimate maximal adult brain size. Even though the measurements were conducted according to a standard procedure, and head circumference is broadly accepted as a surrogate for intracranial volume and maximal attained brain size, 25 volumetric measurement of intracranial volume may have provided information more proximate to the actual variable of interest. However, head circumference and intracranial volume are highly correlated. e1,e2 Both head circumference and intracranial volume are only approximations to the actual maximal brain size attained during life; however, this baseline measure is rarely available in cross-sectional analyses. An additional concern is the lack of pathologic confirmation of AD. However, the validity of present clinical diagnostic criteria compared with autopsy diagnoses has been reported to be very good in study cohorts recruited at specialized centers. e3 Finally, although our cross-sectional study demonstrated that the cognitive function of individuals with larger head circumference was better than that of patients with smaller circumference at any given MMSE level, longitudinal studies are necessary to determine whether brain size modifies cognitive decline over time. 
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